Infections caused by Acinetobacter baumannii isolates from the major global clones, GC1 and GC2, are difficult to treat with antibiotics, and phage therapy, which requires extensive knowledge of the variation in the surface polysaccharides, is an option under consideration. The gene clusters directing the synthesis of capsular polysaccharide (CPS) in A. baumannii GC1 isolate A388 and GC2 isolate G21 differ by a single glycosyltransferase (gtr) gene. They include genes encoding a novel UDP-glucose dehydrogenase (Ugd2) and a putative pyruvyl transferase (Ptr2). The composition and structures of the linear K20 and K21 tetrasaccharide repeats (K units) of the CPSs isolated from A338 and G21, respectively, were established by sugar analyses and Smith degradation along with 1D and 2D 1 H and 13 C NMR spectroscopy. The K20 and K21 CPSs are the first known to 
Introduction
Many clinical isolates of the nosocomial pathogen, Acinetobacter baumannii, display resistance to almost all clinically used antibiotics, and as such, the species poses a significant threat to global health. Acinetobacter baumannii is known to produce a capsular polysaccharide (CPS) (Kenyon and Hall 2013) , and this CPS forms a protective external layer, which may shield the cell from many stresses in clinical environments (Geisinger and Isberg 2015) . Bacteriophages are able to recognize and degrade the CPS layer, allowing greater access to the cell membrane (Oliveira et al. 2017) . Therefore, knowledge of the chemical structures and genetic determinants of A. baumannii CPS is critical to achieve tailored therapeutic bacteriophage cocktails (Schooley et al. 2017) .
Though early studies suggested that A. baumannii strains carry lipopolysaccharide, a detailed study of complete genomes revealed that genes for lipooligosaccharide and capsule synthesis are present but a waaL gene to link them is not (see Kenyon and Hall 2013 for detail) . It was later confirmed experimentally that lipopolysaccharide is not produced (Kenyon, Holt et al. 2014) . Genes arranged in a cluster at the chromosomal K locus (KL) direct the synthesis of the CPS in A. baumannii (Kenyon and Hall 2013) , and many different clusters have been found at this location such that even otherwise closely related isolates may produce structurally different CPS. For example, many types of CPS are predicted for the two most important globalized clones, GC1 and GC2, where resistance is a problem (Kenyon and Hall 2013; Holt et al. 2016; Schultz et al. 2016) . Over the last 5 years, both the sequence of the KL gene cluster and the corresponding chemical structure of the CPS have been determined for several KL/ CPS forms found in GC1 and GC2 isolates (Senchenkova et al. 2014 Kenyon, Marzaioli et al. 2014 Shashkov et al. 2015; Kenyon, Speciale et al. 2016; Kenyon, Kasimova et al. 2017) .
Correlation of the genes found in the KL gene cluster and the CPS structure from the same isolate has successfully confirmed the functions of several genes or gene clusters involved in the synthesis or modification of specific sugars found in the CPS and the bonds formed by the encoded glycosyltransferases or Wzy polymerases during CPS construction. Of the CPS structures determined to date, several have rare or atypical characteristics, such as the inclusion of sugars that rarely occur in nature Kenyon et al. 2018) or novel sugars that have not been found in another biological material (Kenyon, Marzaioli et al. 2015; . However, to date, none of them has included glucuronic acid (GlcA) despite the presence of a ugd gene, which was originally predicted to form this sugar (Kenyon and Hall 2013) , in the module of genes for simple sugar synthesis that is generally conserved among most A. baumannii gene clusters. An additional ugd gene was identified in the KL20 capsule biosynthesis gene cluster from the extensively antibiotic resistant GC1 A. baumannii isolate A388 (GenBank accession number CP024418.1; Holt et al. 2016 ) but the role of this gene had not been elucidated.
A rarely occurring pyruvic acid acetal (Pyr) has been found linked to a N-acetylgalactosamine (D-GalpNAc) residue in the K4 CPS produced by another GC1 isolate, A. baumannii D78 (Kenyon, Speciale et al. 2016 ). The addition of pyruvate was explained by the predicted pyruvyl transferase Ptr1 encoded in the KL4 capsule biosynthesis gene cluster (GenBank accession number JN409449.3). Though no homologs of Ptr1 were identified in that study, a second predicted pyruvyl transferase gene (ptr2) was later identified in the KL20 gene cluster from A. baumannii A388 (Holt et al. 2016 ). However, whether Ptr1 and Ptr2 decorate the same or different sugars, attach the acetal to the same or different positions, and configure it the same or differently remained unknown. In this work, we explore the structure of the K20 and K21 CPSs produced by two A. baumannii isolates, one GC1 and the other GC2, harboring closely related capsule gene clusters. KL20 and KL21 both contain ugd2 and ptr2 genes and differ only by replacement of a single glycosyltransferase gene. Determination of the structure of K20 and K21 CPSs allowed the functions of these genes to be assigned.
Results

Acinetobacter baumannii KL20 and KL21 gene clusters
The KL20 capsule biosynthesis gene cluster from GC1 strain A388 (GenBank accession number JQ684178.2) has a typical A. baumannii arrangement with a central CPS-specific region flanked by genes for CPS export (wza-wzb-wzc) and galU, ugd, gpi, gne1 and pgm genes for the synthesis of simple sugars such as D-GalpNAc ( Figure 1 ). The KL21 gene cluster from A. baumannii GC2 isolate G21 was sequenced and annotated (GenBank accession number MG231275.1), and is closely related to KL20 in its genetic content and organization. Both the KL20 and KL21 gene clusters ( Figure 1 ) contain a second ugd gene, ugd2, encoding a protein that is 36% identical to the product of ugd found at the 3′-end of the gene cluster (Kenyon and Hall 2013) . Ugd2 is 54% identical to a UDP-glucose dehydrogenase (GenPept accession number ACV74319.1) from Burkholderia cepacia that is required for the conversion of UDP-D-Glcp to UDP-D-GlcpA (Rocha et al. 2011 ). Both KLs include qhbA, qhbB and gdr genes involved in the synthesis of UDP-2-acetamido-4-acylamino-2,4,6-trideoxy-D-glucose (UDP-D-QuipNAc4NR), where acyl is either a (S)-3-hydroxybutanoyl or an acetyl (Ac) group (Morrison and Imperiali 2013; Kenyon, Shneider et al. 2016) . The associated initiating transferase gene (itrA1), which is required to initiate CPS synthesis with the addition of UDP-D-QuipNAc4NR to the undecaprenol phosphate lipid carrier in the inner membrane (Morrison and Imperiali 2013) , is also present. In addition, KL20 and KL21 include a ptr2 gene predicted to encode a pyruvyl transferase belonging to the PS_pyrvuv_trans PF04230 protein family (Pfam). Ptr2 (GenPept accession number AIT56457.1 and AUG44315) is not significantly related to Ptr1 from A. baumannii KL4 (GenPept accession number AGK44881.1), though the two belong to the same Pfam. KL20 and KL21 each contain three glycosyltransferase (gtr) genes, though only two (gtr42 and gtr44) are shared between the two gene clusters. KL21 differs from KL20 only in a~1.5 kb region, which includes the third glycosyltransferase gene (gtr43/gtr45) and~200 bp of the 3′-end of the wzy gene for K unit polymerization. The wzy gene products are 91% identical suggesting that they could form the same or similar linkage between K units. Hence, the K20 and K21 units are both likely to be tetrasaccharides, including D-QuipNAc4NR and DGlcpA with a Pyr addition to one sugar, and differing only in one linkage which would be formed by Gtr43 in K20 and Gtr45 in K21.
Structure of the K20 CPS
Sugar analysis of the K20 CPS revealed the presence of D-Gal and DGlcNAc in the ratio~1:0.8 (detector response), respectively. NMR spectra showed spin systems for four monosaccharides residues, including one residue each of QuiN4N (unit A), GlcA (unit B), GlcN (unit C) and Gal (unit D), all being in the pyranose form (Table I) . Hence, in accordance with the genetic prediction, GlcA is present.
The 1 H NMR signals within each spin system were assigned Figure S1 ) and TOCSY experiments. Most signals of QuiN4N and those for H-1 and C-1 of GlcA were split due to a variation of the 4-N-substituent on QuiN4N (see below). Relatively large J 1,2 coupling constants of 7-8 Hz indicated that all monosaccharide residues are β-linked. The NMR spectra also showed signals for a 3-hydroxybutanoyl group (3Hb) and a Pyr. They were identified by H/C correlations in the 1 H, 13 C HSQC spectrum ( Figure 2A ; Table I ) and the following correlations in the 1 H, 13 C HMBC spectrum: H-3/C-1 and H-3/C-2 at δ 175.0/1.51 and 101.2/1.51 for Pyr; H-2/C-1, H-2/C-3, H-4/C-2 and H-4/C-3 at δ 2.32/175.1, 2.32/66.2, 1.21/46.3 and 1.21/66.2 for 3Hb, respectively. 3Hb was released by acid hydrolysis of the CPS and identified as the S isomer by GLC of the trifluoracetylated (S)-2-octyl ester.
Low-field positions of the signals for C-4 and C-6 of β-Gal at δ 72.6 and 66.2, respectively, combined with a high-field position of the C-5 signal at δ 67.2, as compared with their positions in nonsubstituted β-Galp (Lipkind et al. 1988) , showed that Pyr is attached at positions 4 and 6 of this monosaccharide. The chemical shift δ 26.3 for C-3 of Pyr indicated that the acetal has the (R)-configuration (Garegg et al. 1980) . Low-field positions at δ 80.0/80.8, 82.6, 81.6 and 79.5 of the signals for the linkage carbons, namely C-3 of units A and C, C-4 of unit B and C-2 of unit D, as compared with their positions in the corresponding non-substituted monosaccharides (Lipkind et al. 1988) , showed that the CPS is linear and defined the glycosylation Figure 3A ) experiment, which showed correlations of anomeric protons with protons at the linkage carbons of neighboring sugar residues.
As mentioned above, QuiN4N gave two series of NMR signals, the difference between the H-4/C-4 cross-peaks (major at δ 3.63/ 56.7 and minor at δ 3.57/57.1) in the 1 H, 13 C HSQC spectrum being most prominent. Most likely, the observed heterogeneity resulted from a variation of the type of the N-acyl substituent at N-4 of QuiN4N [compare alternation of 3Hb and Ac groups at this sugar in the CPS of A. baumannii AB5075 , which causes a similar splitting of the H-4/C-4 cross-peak (δ 3.66/ 56.5 and 3.61/56.8)]. To confirm this suggestion, the NMR spectra of the CPS were measured in a 9:1 H 2 O/D 2 O mixture, which enabled detection of the nitrogen-linked protons. Signals for three NH protons were observed in the region δ 7.50-7.90 and assigned using Based on the data obtained, it was concluded that the K20 CPS of A. baumannii A388 has the structure shown in Figure 4 . This structure was confirmed by Smith degradation of the CPS, which cleaved the GlcA residue (B) to give A → D → C oligosaccharide glycosides with threonic acid (partially as 1,4-lactone) as aglycone.
Their structures were established as described above for the initial CPS (for the 1 H and 13 C NMR chemical shifts of the major A Hbcontaining glycosides see Table I ).
Structure of the K21 CPS
Sugar analysis showed that the K21 CPS contained the same monosaccharides as the K20 CPS, namely D-Gal and D-GlcNAc in the ratio~0.9:1, respectively. The 1D and 2D NMR spectra of the K20 and K21 CPSs were similar but in the K21 CPS, the signals for H-1 and C-1 of β-GlcpNAc (unit C) at δ 4.66 (J 1,2~7 Hz) and δ 102.6 were replaced with signals at δ 5.36 (J 1,2 <4 Hz) and δ 98.6, 98.7, which belonged evidently to α-GlcpNAc. The assigned 1 H and 13 C NMR chemical shifts ( Figure 2B ; Table I , Supplementary material, Figure 2S ) and the 1 H, 1 H ROESY spectrum ( Figure 3B ) confirmed this conclusion and showed that the anomeric configuration of GlcpNAc is the only distinction between the K20 and K21 CPS structures. As in the K20 CPS, both QuiNAc4N(R3Hb) and QuiNAc4NAc are present but the ratio of the N-acyl derivatives is 1:1 rather than~2:1. Therefore, the K21 CPS of A. baumannii G21 has the structure shown in Figure 4 . The QuiNAc4NR residue is the initiating sugar as predicted, due to the presence of the itrA1 gene in both gene clusters. Thus, both K20 and K21 structures appear consistent with the genetic content of the corresponding gene clusters as described above.
Assignment of glycosyltransferase functions
As predicted, the K20 and K21 CPS have three internal linkages (Figure 4) , with the β-D-QuipNAc4NR-(1 → 2)-D-Galp bond forming the linkage between the K units catalyzed by Wzy K20 and Wzy K21 (GenPept accession numbers AIT56459.1 and AUG44317.1, respectively). K20 and K21 differ in only one of the internal linkages, which would be formed by the glycosyltransferase encoded by gtr43 in KL20 or gtr45 in KL21. Gtr43 and Gtr45 (GenPept accession numbers AIT56460.1 and AUG44318.1, respectively) are not significantly related to each other. Indeed, Gtr43 belongs to the GT2 family of inverting glycosyltransferases as defined by the Carbohydrate Active enZYmes (CAZy) database, and Gtr45 belongs to the GT4 family of retaining glycosyltransferases. Therefore, these Gtrs must form the β-D-GlcpNAc-(1 → 4)-D-GlcpA linkage in K20 and the α-DGlcpNAc-(1 → 4)-D-GlcpA linkage in K21 by inverting and retaining mechanisms, respectively. KL20 and KL21 encode identical Gtr44 proteins (GenPept accession numbers AIT56462.1 and AUG44320.1, respectively) that share 36% identity with Gtr52 (GenPept accession number DAA64735.1) from A. baumannii K25. Gtr52 was predicted to catalyze formation of a β-D-ManpNAcA-(1 → 3)-D-QuipNAc4NR linkage , and a similar β-D-GlcpA-(1 → 3)-D-QuipNAc4NR linkage is likely formed by Gtr44 in K20 and K21 (Figure 4) . Similarly, the Gtr42 proteins (GenPept accession numbers AIT56458.1 and AUG44316.1, respectively) are 99% identical, and share 31% identity with Gtr33 (GenPept accession number AKC34377.1) from A. baumannii KL14 that was previously predicted to form a β-D-GalpNAc-(1 → 3)-D-Galp linkage . Gtr42 is also 46% identical to WdcF (GenPept accession number AFW04848.1) from Salmonella enterica O59 O-antigen gene cluster and a β-D-Galp-(1 → 3)-D-GlcpNAc linkage is present in the O59 polysaccharide (Perepelov et al. 2011 ). Thus, Gtr42 was assigned to the β-D-Galp-(1 → 3)-DGlcpNAc linkage in the K20 and K21 structures (Figure 4) .
Role of simple sugar synthesis genes
Though the module of genes for simple sugar synthesis is generally conserved among most A. baumannii gene clusters, in KL20 and KL21 there is an additional insertion between gne1 and pgm that includes three open reading frames (ORFs) (Figure 1 ). The protein encoded by the first ORF was named Pet1 as it was found to be 36% identical to a PhosphoEthanolamine Transferase (GenPept accession number OOI26082.1) from Escherichia coli. The pet1 gene is located in the same position as the predicted phosphoglycerol transferase gene, pgt1, identified in other A. baumannii KL gene clusters , though the two sequences are not related. The second ORF hits numerous hypothetical proteins with a BLASTp search and falls into the glycoside hydrolase (PF01630) protein family (Pfam). The third ORF shares 68% identity with a portion of the Atr4 protein from A. baumannii KL4 (GenPept accession number AGK44891.1; amino acids 283-380). Roles for Pgt1 and Atr4 in CPS production have never been established, and it seems likely that the three additional ORFs in KL20 and KL21 also have no role in CPS synthesis.
Acinetobacter baumannii isolates with capsule gene clusters carrying ugd2 and ptr2
The GenBank non-redundant and Whole Genome Sequence (WGS) databases were investigated for further gene clusters that contain ugd2 and a ptr2 gene. The KL20 gene cluster was found in an additional six draft genomes of isolates recovered in the USA (Table II) , though KL21 remains unique to the GC2 isolate, G21. Fourteen further genome sequences were found to contain ptr2 in a novel gene cluster, designated KL34, which shares the CPS-specific region with KL20 ( Figure 1) . Two of these sequences are variants of KL34, named KL34a, which contain an insertion sequence (IS) in the predicted promoter region between wza and gna. The KL20 and KL34 gene clusters differ only in the module of genes required for the synthesis of simple sugars, where KL34 does not include the insertion with non-essential genes. Thus, the K34 CPS structure is expected to be identical to K20 CPS.
One further gene cluster with ptr2 was identified and named KL118. It differs from KL20 only in the sequence for the wzy polymerase gene and the adjacent glycosyltransferase gene (Figure 1) . The K118 CPS would likely share the same composition as K20 CPS but differ in one internal linkage and may differ also in the linkage between the K units.
Discussion
The K20 and K21 CPS studied are linear and consist of tetrasaccharide K units, which differ from each other in the configuration of the D-GlcpNAc linkage only. As this correlates with a difference in one glycosyltransferase, the inverting Gtr43 and retaining Gtr45 glycosyltransferases can be assigned to the β-D-GlcpNAc and α-D-GlcpNAc linkages, respectively.
To date, K20 and K21 are the first A. baumannii CPS structures reported to contain a D-GlcpA residue and both KL20 and KL21 include a rare second ugd gene, ugd2, confirming the role of Ugd2 in the synthesis of the UDP-D-GlcpA. We have previously predicted that the ugd gene in the module for simple sugar synthesis present in all A. baumannii CPS biosynthesis gene clusters may be involved in the synthesis of UDP-D-GlcpA (Kenyon and Hall 2013) . However, it is likely that some genes in the module for simple sugar synthesis, including ugd, are required for the synthesis of other carbohydrates, such as lipooligosaccharide, though genetic and biochemical studies will be needed to confirm this.
Acinetobacter baumannii CPSs containing other uronic acids, such as 2-acetamido-2-deoxy-D-mannuronic acid (D-ManpNAcA), 2-acetamido-2-deoxy-D-galacturonic acid (D-GalpNAcA) and 2,3-diacetamido-2,3-dideoxy-D-glucuronic acid (D-GlcpNAc3NAcA), have also been reported, and these monosaccharides are also synthesized by a dehydrogenase encoded in the central CPS-specific region (Lees-Miller et al. 2013; Senchenkova et al. 2015; Kenyon, Speciale et al. 2016; Shashkov et al. 2017 ).
Further distantly related ugd genes have been found in the CPSspecific regions of several other A. baumannii gene clusters. KL32 (also known as PSgc21) was reported to contain ugd3 , and the ugd4 gene is present in KL85 and KL87 (PSgc14 and PSgc19, respectively) (Hu et al. 2013) where it is annotated as ugd. According to authors' unpublished data, the corresponding K32, K85 and K87 CPSs include D-GlcpA.
The K20 and K21 CPSs both include an (R)-configured D-galactose 4,6-pyruvic acid acetal that can be attributed to the presence of the ptr2 gene in the KL20 and KL21 gene clusters. This is the same decoration as seen on D-GalpNAc residue formed by the Ptr1 pyruvyl transferase in the K4 CPS (Kenyon, Speciale et al. 2016) . Both CPSs also contain D-QuipNAc4NR as predicted (Figure 4 ), though QuiNAc4N(R3Hb) and QuiNAc4NAc appear in different ratios (1:1 vs. 2:1). However, no genetic difference could be identified between KL20 and KL21 that might account for a difference in the ratio between these N-acyl derivatives.
Materials and Methods
Bacterial strains
Acinetobacter baumannii A388 was isolated in Greece in 2002, and has been described previously (Holt et al. 2016) . Acinetobacter baumannii G21 is an extensively antibiotic resistant GC2 isolate recovered in 2011 from a returned serviceman at The Alfred Hospital in Melbourne, Australia and kindly supplied by Professor Anton Peleg. The genome sequence of G21 was determined and assembled as described previously (Kenyon, Holt et al. 2014) , and annotated (Kenyon and Hall 2013) .
Bacterial cultivation and isolation of CPSs
Bacteria were cultivated in 2 × TY media overnight; cells were harvested by centrifugation (10,000 × g, 20 min), washed with phosphatebuffered saline, suspended in aqueous 70% acetone, precipitated, and dried.
CPSs were isolated by phenol-water extraction (Westphal and Jann 1965 ) of bacterial cells (1.32 and 3.315 g of A388 and G21, respectively). The extract was dialyzed without layer separation and freed from insoluble contaminations by centrifugation. The resultant solution was treated with aqueous 50% CCl 3 CO 2 H at 4°C; after centrifugation, the supernatant was dialyzed against distilled water and freeze-dried to give the CPSs (129 and 303 mg for A388 and G21, respectively).
To cleave a lipid-containing contamination, a crude CPS preparation from strain G21 was heated with aqueous 2% HOAc at 100°C for 3 h, the precipitate was removed by centrifugation, and a purified CPS sample (103 mg) was isolated by gel-permeation chromatography of the supernatant on a column (56 × 2.6 cm) of Sephadex G-50 Superfine (Amersham Biosciences, Sweden) in 0.05 M pyridinium acetate buffer pH 4.5 monitored using a differential refractometer (Knauer, Germany). CPS from strain A388 was studied without purification.
Chemical analyses
A CPS sample from each strain (0.5 mg) was hydrolyzed with 2 M CF 3 CO 2 H (120°C, 2 h). Monosaccharides were analyzed by GLC of the alditol acetates on a Maestro (Agilent 7820) chromatograph (Interlab, Russia) equipped with an HP-5 column (0.32 mm × 30 m) using a temperature program of 160°C (1 min) to 290°C at 7°C min −1 . The absolute configuration of 3-hydroxybutanoic acid was determined by GLC of the trifluoroacetylated (S)-2-octyl ester as described (Shashkov et al. 1998) .
Smith degradation
A sample of the CPS from A388 (15 mg) was oxidized with aqueous 1% NaIO 4 (2 mL) at 20°C for 48 h in the dark, reduced with NaBH 4 (60 mg) at 40°C for 3 h. The excess of NaBH 4 was destroyed with concentrated HOAc, the solution was evaporated, and the residue was evaporated with methanol (3 × 1 mL), dissolved in 0.3 mL water and applied to a column (110 × 1.2 cm) of Sephadex G-25. The modified polysaccharide was eluted with aqueous 0.1% HOAc and hydrolyzed with 0.05 M CF 3 CO 2 H (100°C, 1 h). Gel-permeation chromatography of the products on Sephadex G-25 followed by HPLC on a column (25 × 0.94 cm) of Zorbax C18 in water gave a mixture of target oligosaccharides (2.5 mg).
NMR spectroscopy
Samples were deuterium-exchanged by freeze-drying from 99.9% D 2 O and then examined as solutions in 99.95% D 2 O or, for detection of nitrogen-linked protons, in a 9:1 H 2 O/D 2 O mixture. NMR spectra were recorded on a Bruker Avance II 600 MHz spectrometer (Germany) at 60°C. Sodium 3-trimethylsilylpropanoate-2,2,3,3-d 4 (δ H 0, δ C −1.6) was used as internal reference for calibration. 2D NMR spectra were obtained using standard Bruker software, and Bruker TopSpin 2.1 program was used to acquire and process the NMR data. For TOCSY and ROESY experiments, 60-ms MLEV-17 spin-lock time and 150-ms mixing time were used, respectively. A 60-ms delay was used for evolution of long-range couplings to optimize 1 H, 13 C HMBC experiments for coupling constant J H,C 8 Hz.
Bioinformatics analysis
The sequence of the KL21 gene cluster and surrounding genes was annotated using the standard A. baumannii nomenclature system and was deposited in GenBank under accession number MG231275.1. The KL20 gene cluster sequence from A. baumannii A388 was accessed for analysis from GenBank accession numbers JQ684178.2. ORFs were identified using ORFfinder (https://www.ncbi.nlm.nih. gov/orffinder/), and characterized using BLAST (https://blast.ncbi. nlm.nih.gov/Blast.cgi). Protein families were assigned using the Pfam database (Finn et al. 2016) . Sequence types for the Insitut Pasteur scheme were determined using the MLST database (https://pubmlst. org/bigsdb?db=pubmlst_abaumannii_pasteur_seqdef).
